. VEPs have the advantages that they are less subject to sampling bias, the data are quantitative (absowe show in adult mice that depriving the dominant contralateral eye of vision leads to a persistent, NMDA lute levels of response, in addition to ratios), and they can be recorded chronically to yield information about receptor-dependent enhancement of the weak ipsilateral-eye inputs. These data provide in vivo evidence for the kinetics of synaptic plasticity (as shown below). In this study, we used VEP recordings in wild-type and metaplasticity as a mechanism for binocular competition and demonstrate that an ocular dominance shift can mutant mice to demonstrate a novel form of OD plasticity and to determine the mechanism. occur solely by the mechanisms of response enhancement. They also show that adult mouse visual cortex has a far greater potential for experience-dependent Results plasticity than previously appreciated. These insights may force a revision in how data on ocular dominance Effects of Monocular Deprivation Persist beyond plasticity in mutant mice have been interpreted. the Critical Period The initial aim of our study was to confirm the developIntroduction mental changes in OD plasticity in C57BL/6 mice in anticipation of studying various mutants. At all ages The responses of neocortical neurons can be persisexamined, we found that area 17 of nondeprived anestently modified by alterations in sensory experience. 
0.05). In a follow-up study, we specifically compared the A central premise underlying these investigations is that effects of 3 versus 5 days of MD in adult mice (P60-P90; the phenomenon of OD plasticity in the mouse closely Figure 1C ). In agreement with our initial finding, 5 but resembles that which has been characterized previously not 3 days of deprivation resulted in a C/I VEP ratio in cats and primates. Figure 1D ), with only a columns). A short latency current sink was observed in layer IV/deep III, with corresponding sources located in slight (nonsignificant) reduction in deprived-eye VEPs (nondeprived 598.57V Ϯ 74.6V, n ϭ 27; 5 day MD adjacent extragranular layers. This response was followed by sinks in supra-and infragranular layers, with 558.68V Ϯ 75.7V, n ϭ 24, p Ͼ 0.5; Figure 1D ). To pursue this intriguing finding, we developed a chronic the latency increasing with distance from layer IV. Although slight variations were observed between prepapreparation in which VEPs could be recorded in awake, head-restrained mice before, during, and after manipurations (n ϭ 5), the laminar pattern and temporal order of transmembrane currents were consistent across anilations of visual experience. mals. Based on these data, we chose a recording depth of 400 m for our chronic recording experiments and VEP Recordings in Visual Cortex of Awake Mice used the difference between the negative and positive Because chronic VEP recordings had not been atpeaks as our routine measure of VEP amplitude. tempted previously in mice, we first analyzed the laminar pattern of cortical activation in awake animals. A recording electrode was tracked ventrally through area 17
Real Figure 3A ). This increase remained after reopening the deprived eye such that cortical reeral-eye stimulation ( Figures 2B and 2C) . However, we consistently found in this study that the initial contralatsponses to contralateral-and ipsilateral-eye stimulation were nearly equal. For analysis of group data, VEP amplieral eye bias in the awake preparation (C/I ϭ 2.3 Ϯ 0.3) ular experience following MD (Figure 4 ). The ipsilateraleye VEPs grew to 231% Ϯ 18% of baseline after 12 days of contralateral-eye MD, and these were still significantly elevated after an additional 6 days of binocular experience (168% Ϯ 17%; p Ͻ 0.01, Fisher's PLSD). In contrast, the VEPs evoked by stimulation of the deprived (contralateral) eye were not significantly affected by the period of MD (91% Ϯ 16% of baseline) or subsequent binocular experience (105% Ϯ 23%). These data show that the gradual enhancement of ipsilateral-eye VEPs during MD reflects a persistent modification.
To confirm that MD does induce synaptic depression in young mice, we examined the consequences of 3 day MD begun at P28 in chronically implanted animals (n ϭ 5). Unlike adults, MD strongly depressed responses to stimulation of the deprived (contralateral) eye (24% Ϯ 5% of baseline; p Ͻ 0.01; Fisher's PLSD). However, we observed no significant change in the ipsilateral-eye VEP during this brief period of MD. These findings show that comparable shifts in the C/I ratio in young and mature animals can be accounted for by different underlying mechanisms, and these can be dissociated. It should be noted, however, that longer periods of MD in young animals also eventually lead to enhanced responses to nondeprived ipsilateral-eye stimulation (our unpublished data).
Post hoc analysis of the adult MD experiments summarized in Figure 3C revealed that both the initial negative component and the later positive component of the ipsilateral-eye VEP waveform increased by a comparable amount following deprivation of the contralateral eye (by 184% Ϯ 29% and 164% Ϯ 13%, respectively, after 6-7 days of MD; n ϭ 8). Because recordings were made sual cortex with antibodies against ␤-galactosidase (a marker for Cre/loxP recombination) and glutamic acid In another group of adult animals (n ϭ 4), VEP responses were followed for an additional period of binocdecarboxylase (GAD)-67 or GABA (markers for inhibitory eral eye drives mechanisms of synaptic enhancement when an inhibitory constraint imposed by activity in the was altered in these animals. Chronic VEP recordings were performed as described previously, with experidominant contralateral eye is removed. This cortical adaptation to loss of the dominant input is not immediate, menters blind to genotype. Initial VEP amplitudes evoked by contralateral-and ipsilateral-eye stimulation, and C/I but appears to require several days. These findings are consistent with the notion of metaplasticity-that the ratios, were not significantly different in wild-type, control, and CxNR1KO mice ( Figure 6A ). VEP amplitudes conditions required to induce synaptic plasticity depend on the history of cortical activity (Abraham and Bear, were also comparable across a range of stimulus spatial frequencies ( Figure 6B ), suggesting that visual acuity 1996). We propose that the overall reduction in cortical activity caused by depriving the contralateral eye lowers was not impaired as a result of the postadolescent NR1 knockout. Nonetheless, the cortical response to MD the "modification threshold" and enables visual experience to drive ipsilateral-eye enhancement (Bear, 1995; clearly differed across genotypes. In control mice, VEP amplitude increases following MD were similar in magni- Kirkwood et al., 1996) . In the other hemisphere, however, total cortical activity is hardly affected by deprivation of tude and kinetics to those observed in wild-type mice (175% Ϯ 18.2% of baseline days 9-11 post-MD, n ϭ 9; the ipsilateral eye, and therefore no modifications are observed. We note that binocular competition imple- Figure 6C ). In contrast, MD had no significant effect in CxNR1KO mice [n ϭ 8; repeated measures ANOVA; mented by a sliding modification threshold is a key prediction of the BCM theory of synaptic plasticity (Bienen-F ( lacks this mechanism could lead to the misleading con-
